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Particularly, graphene-like structure can be used for realizing topological insulator which inspires an intrinsic topological protection mechanism with strong immunity for maintaining coherence of quantum information. These various peculiar physics arise from the unique properties of Dirac cones which show high hole degeneracy, massless charge carriers and linear intersection of bands. Experimental observation of Dirac cones conventionally focuses on the energy-momentum space with bulk measurement. Recently, the wave function and band structure have been mapped into the real-space in photonic system, and made flexible control possible. Here, we demonstrate a direct observation of the movement of Dirac cones from single-photon dynamics in photonic graphene under different biaxial strains. Sharing the same spirit of wave-particle nature in quantum mechanics, we identify the movement of Dirac cones by dynamically detecting the edge modes and extracting the diffusing distance of the packets with accumulation and statistics on individual single-particle registrations. Our results of observing movement of Dirac cones from single-photon dynamics, together with the method of direct observation in real space by mapping the band structure defined in momentum space, pave the way to understand a variety of artificial structures in quantum regime.
Dirac cones lead to fascinating properties of graphene structure which exhibit quantum relativistic dynamics and the robust unidirectional edge states in topological insulators [1] [2] [3] . Around Dirac cones, conduction and * hzheng@sjtu.edu.cn † xianmin.jin@sjtu.edu.cn valence bands intersect linearly at a degenerate point resulting in the linear energy band and massless relativistic transport of electrons as quasiparticles [4] . A pair of degenerate points, behaving as topological defects in the band structure with associated Berry phase of π and −π, guarantees the stability and robustness against small perturbations and disorders, which inspires topologically protected quantum computing [5] . The investigations of Dirac cones and graphene have pushed the boundaries of our understanding on emerging physics and materials, for both fundamental and device levels [6] [7] [8] [9] .
Recently, varieties of artificial systems have enabled the imitation and exploration of graphene and Dirac cones using the honeycomb structure with controllable parameters and observables [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] beyond traditional graphene itself where those are not easily accessible. For instance, observation of Dirac cones has been realized in cold atom gases [22] , acoustic waves system [23] , polaritons system [24] and photonic resonators system [25] . The band structure related to Dirac cones has been widely investigated in the energy-momentum space using the bulk measurement with measured density and dispersion pattern [10, [22] [23] [24] [25] . The manipulation and manifestation of the wave function and band modes can be appropriately mapped to the robustly certain observables in 1D real space [26, 27] . The mapping approach can be extended to higher dimension for dynamical detection of high-complex artificial structures, which, fascinatingly, can make it possible to directly observe the movement of Dirac cones in real space.
As a typical physical wave, light is well compatible to graphene theory, meanwhile as a stream of photons, light can be manipulated and detected down to single-particle level. Such a unique feature of light associated with photonic graphene theory suggests an emerging crossover of material and quantum physics, enabling investigation of materials in quantum regime.
Here, we map the band structure of photonic graphene from momentum space to real space and successfully observe the movement of Dirac cones from single-photon dynamics. We construct the isotropic graphene and the two anisotropic cases under different biaxial strains. We identify the movement of Dirac cones in all cases via dynamically detecting the edge modes and extracting the diffusing distance of the packets.
The photonic graphene with the honeycomb structure [12, 14] holds the zigzag termination and bearded termination on the top and bottom boundary, arranged as depicted in Fig.1a . Applying the 'tightbinding approximation' to the 'photonic graphene' [28] , the Hamiltonian can be described by
where N is the total number of the waveguides and c i,j denotes the coupling constant between the nearestneighbor waveguides i and j. Furthermore, we note that the coupling constant c i,j concludes two parts: vertical coupling c v and diagonal coupling c d , as depicted in Fig.1b-d .
In the isotropic graphene, c v = c d , the lattice is hexagonal and the tunnelling is equivalent in all directions, which is preserved by the six-fold symmetry [1] . In contrast, introducing the anisotropy along the vertical direction and diagonal direction into the graphene leads to the broken six-fold symmetry and level crossing with the deformation of the bandstructure [29] [30] [31] .
Here, the anisotropy can be introduced by applying the biaxial strains to the graphene, as shown in Fig.1b-d . The horizontal direction is implemented with the tensile (compressive) strain while the vertical direction is implemented with the compressive (tensile) strain, which is corresponding to the case of c v > c d (c v < c d ), respectively. Because the diffraction of light in photonic graphene can be described by the paraxial dis- crete Schrödinger equation, the propagation of photons through the three types of graphene are all governed by:
The three types of photonic graphene, individually containing 449 waveguides, are integrated in the silica chip by using the three dimensional femtosecond laser direct writing technique which allows freely written lattices with various geometry [32] [33] [34] [35] . In the waveguide system, according to the nonlinear relationship between next-nearest coupling strength and nearest-neighbour distance, the case for c v > c d , c v = c d and c v < c d can be denoted by R < 1, R = 1 and R > 1 as shown in Fig.2 (a) (see Methods).
As shown in Fig.2b -h, the band structure can be modulated by introducing the anisotropy. In case for R = 1, it exhibits double-conical Dirac band structure with the Dirac points. In contrast, in case for R < 1, a pair of Dirac cones moves apart from each other along the axis of k x and approaches the boundary of the Brillouin zone, as shown in Fig.2e (i)-(ii). Fig.2f shows that the applied anisotropy further broadens the region of bearded mode and narrows the region of zigzag mode comparing to that in isotropic case. Therefore, one the one hand, the moving of the Dirac cones in the case of R < 1 leads to the larger and wider band gap between the bulk and bearded edge mode with the smaller band gap between the bulk and zigzag edge mode in edge band structures. On the other hand, for R > 1, a pair of Dirac cones move towards each other and show the possess of moving, merging and annihilating related to the opening band gap and phase transition, resulting in zigzag edge mode occupying all of the Brillouin zone with the disappearing of bearded edge mode. One should note that the opening band gap in graphene requires large strain, even exceeding the order of 20% [24, 29] , which is attributed to the deformations and anisotropy by applying strain instead of the inner disorders or fluctuation of the graphene. Thus, it means that probing the band structure can be a hint for reflecting the moving of the Dirac cones in the anisotropic case.
In experiment, we prototype the 2D photonic lattices with different propagation distances varying from 20 to 50 mm with step size of 15 mm. Here, the z-axis replaces the temporal coordinate. We prepare heralded single photons by conditionally triggering one photon from a photon pair via spontaneous parametric down conversion. The probability distribution of single photons can be dynamically imaged by an Intensified Charge-Coupled Device (ICCD) camera at the output facet of the lattices (see Methods).
For mapping the band structure influenced by the Dirac cones into the observables in real space, it is convenient to excite bearded and zigzag edge modes at different Bloch wavevectors, which corresponds to the manifestation of wave function. As shown in the Fig.3a-b , for the case of R < 1, Bloch wavevector | π 2 | for bearded edge and |π| for zigzag edge are both sensitive to the deformation of band structure with enlarging or narrowing the width of band gap which reflect the coupling or decoupling processes between the edge modes and bulk modes. Therefore, exciting bearded and zigzag modes can lead to very distinct phenomena in real space simultaneously under the same deformation. For anisotropic case R < 1, we inject the heralded single photons with | π 2 | Bloch wavevector into the bottom entrances of the lattices to excite the bearded mode. Fig.3c shows that the ratio of photons confining in the edge is steadily low in R = 1 and distinctly keeps high without being affected by the increasing evolution distance in the case of R < 1. Meanwhile, we also excite the zigzag modes with |π| Bloch wavevector. Different from the performance of bearded modes, there are strong confinement in case R = 1 but weak confinement in case R < 1 in Fig.3d . Thus, simultaneous observation of the creation of bearded edge modes, together with destruction of zigzag edge modes in case R < 1, well exhibits the movement of Dirac cones with the deformed band structure.
Similar to the transport properties of electrons in graphene, the evolution of photons as the carriers in photonic graphene deserves to be explored. After dynamically probing the output patterns which are shown in Fig.3e-f , we evaluate and compare the evolution of photons in cases of R < 1 and R = 1 by extracting the center of packets and calculating the diffusing distance (see Methods). Fig.3g shows high and increasing the diffusing distance for the case of R = 1 and nearly zero diffusing distance for the case of R < 1 while exciting the bearded edge at | π 2 | wavevector. In contrast, the photons prefer to be confined in the edge for the case of R = 1 and diffract into the bulk with increasing evolution distances for the case of R < 1 while exciting the zigzag edge at |π| wavevector, as shown in Fig.3h , which is consistent with the deformation of band structure induced by the moving of Dirac cones.
In order to examine the reliability and universality of our identification and observation, we further experimentally investigate the case for R > 1. As shown in Fig.4a , there is the opening band gap for zigzag mode with merged Dirac cones. The zigzag modes can be coupled into the bulk for the case of R = 1 and decoupled from the bulk for the case of R > 1 at − π 2 and 0. We inject the heralded single photons with two different Bloch wavevectors − π 2 and 0 into the top entrances of the lattices to excite zigzag mode. The ratio of edge for the case of R > 1 at different evolution distances is continuously much higher than that of the case of R = 1 (see Fig4.bc). Moreover, it is also very apparent that the dynamical evolution of the photons can be distinctly distinguished between the two cases (see Fig4.d-g) .
In summary, we present direct observation of the movement of Dirac cones from single-photon dynamics in photonic graphene fabricated with femtosecond laser direct writing technique. After constructing the isotropic and two anisotropic graphene under the different biaxial strain, we identify the movement of Dirac cones in all cases via detecting the ratio of photons in the edge and extracting diffusing distance along the evolution of photons. The interplay between Dirac cones, edge modes and single-photon evolution provides a new route to simulate and unveil complex condensed matter physics in real space and in genuine quantum regime.
With the successful experimental observation and validation here, it is of great interest to generalize our approach of dynamical observation to the other attractive models, including Lieb-lattices [36] [37] [38] [39] with localized states in the continuum, Kagome-breathing-lattices [40] , fractal topological photonic quasicrystals [41] , highdimensional system with disorder and defects [42] . Along with manipulation of Dirac cones, edge modes coupling or decoupling from bulk modes, band gap enlarging and evolution of photons, our experimental approaches may provide new sight on using photonic systems to engineer the analogous effects for solving complex and hard problems in condensed matter. The elements of single-photon dynamics and their protection in the honeycomb lattices may inspire developing entirely new capacities of engineering quantum states in the different artificial structures, especially topological-protected mechanics [43] [44] [45] . (2017-01-07-00-02-E00049).
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Methods

Fabrication of integrated photonic graphenes:
The isotropic photonic graphene and two anisotropic graphenes are all well fabricated and integrated in a borosilicate glass substrate (refractive index n 0 = 1.514). Each has 449 waveguides in the lattices in total. The adjacent waveguides interact with each other via evanescent light coupling. Based on the nonlinear relation between coupling coefficients and the separation between two adjacent waveguides, we can freely design the different types of honeycomb structure for isotropic and anisotropic fashion. Spatial light modulator (SLM) are fed by a 513 nm femtosecond laser (up conversion from 1026 nm pump laser; 10 W ; 290 f s pulse duration; 1 M Hz repetition rate ) to shape the laser beam with cre-ating burst trains in both time and spatial domain. Then, the pulse is used to focus onto the borosilicate substrate with a 50X objective lens with 0.55 numerical aperture at the constant velocity of 10 mm/s. Due to the large size of lattice, the uniformity of waveguides at different depth need to be improved. Here, uniformity and depthindependence of the large array can be guaranteed by the SLM and power compensation. In the waveguide system, according to the nonlinear relationship between next-nearest coupling strength and nearest-neighbour distance, the case for c v > c d , c v = c d and c v < c d means r v < r d , r v = r d and r v > r d with different fabricated constructions. Thus, the inequivalence between r v and r d represents the strain and anisotropy. For convenience, we note that R = r v /r d . Thus, the case for r v < r d , r v = r d and r v > r d can be denoted by R < 1, R = 1 and R > 1.
Imaging pattern using heralded single photon:
We pump a periodically-poled KTP (PPKTP) crystal by a 405 nm diode laser. The 810 nm photon pair can be generated via spontaneous parametric down conversion during the pumping processes. One generated photon can be regarded as signal photon and the other one can be regarded as idler one. After generated photon pairs passing the long band-pass filter and a polarized beam splitter, the two components can be purified. Then, we collect the idler photon by the avalanche photo diode (APD) as the trigger, and couple the signal photon into a single-mode optical fibre as heralded single photon source ready to be injected into the photonic graphene. With the heralded single photon source and triggered singlephoton imaging, the captured distribution pattern at the output facet of photonic graphene will be able to faithfully reflect the investigated single-photon dynamics.
After the photons launching from single-mode optical fibre, we use cylindrical lens to reshape the probe photons to maintain the shape: narrow along y-axis and wide along x-shape. The narrow-strip-shaped probe photons are able to excite the selected edge (bottom or top edge) of the lattices precisely. The incident angle of probe photons can be controlled in the spectrum plane using a 4-f system (two lens with focal length f at a distance of 2f ). Then, the photons are focused into the lattices by a 20X objective lens. The translation stages, possessing smooth continuous motion and long-term stability, can precisely control the connection between photons and lattices to reduce the coupling loss. After propagating through the lattices, outgoing photons are shaped by the 16X objective lens and the output is imaged by a triggered ICCD camera. For ICCD camera, we set the time delay of 20 ns and a gate width of 10 ns to compensate the time difference experienced by the signal and idler photons. We capture each dynamical evolution pattern by using ICCD camera after accumulating in the external triggering mode for 1000 s.
Estimation of diffusing distance: The appearance of the edge modes with band gap can be induced by the movement of the Dirac cones in the band structure, which results in localization or diffraction of the photons. Thus, the moving of the Dirac cones can be distinguished and observed by extracting diffusing distance of photons during the evolution. Here, we employ the center recognition algorithm to analyze the obtained evolution pat-terns. Firstly, we sign the position where photons are injected as the reference and the position is marked by h 0 . Then, we identify the centroid of the cluster of photons and their positions are marked by h 1 . The diffusing distance can be estimated by ∆d = h 1 −h 0 . The diffusing distance of photons shows the diffraction into bulk and the localization in edge, which further distinctly reveals and verifies the movement of the Dirac cones.
